Mitral valve (MV) abnormalities are recognized features of hypertrophic cardiomyopathy (HCM), and there is preliminary evidence suggesting they are intrinsic phenotypic manifestations of sarcomere mutations, present in mutation carriers without left ventricular (LV) hypertrophy (subclinical HCM). However, further study is required to characterize the nature of these changes and their functional impact. Thus, we performed comprehensive echocardiographic analysis of MV structure and function on a genotyped population. 
Introduction
The mitral valve (MV) has been a focus of interest and investigation in hypertrophic cardiomyopathy (HCM) since the initial description of this heterogeneous disease over 50 years ago. 1, 2 Structural abnormalities of the mitral apparatus are well-recognized features of HCM, including increased leaflet length and area, [3] [4] [5] [6] leaflet thickening, 4 distorted MV leaflet coaptation, papillary muscle anomalies including anterior displacement, [7] [8] [9] [10] and systolic anterior motion (SAM) of the MV 11, 12 producing obstruction to left ventricular (LV) outflow.
Indeed, the high prevalence of MV anomalies in HCM patients has led to speculation that they may be an intrinsic manifestation of the underlying sarcomere mutation. However, MV morphology is not well characterized in individuals who have inherited disease-causing sarcomere mutations but who have not yet manifest left ventricular hypertrophy (LVH), denoted subclinical HCM. Increased anterior leaflet length (ALL) in subclinical HCM compared to control subjects has been identified in prior small studies that included a median of only 15 subclinical HCM subjects and focused predominantly on mitral leaflet length. 3, [13] [14] [15] [16] However, results are inconsistent and leaflet coaptation, SAM, and papillary muscle morphology have not been systematically assessed. Therefore, more comprehensive characterization of the MV apparatus in subclinical HCM is needed to better understand how sarcomere mutations may impact the MV.
In this study, we used echocardiographic imaging of genotyped subjects to test the hypothesis that sarcomere mutation carriers manifest subtle abnormalities in MV morphology when LV wall thickness is normal. Moreover, we hypothesize that these structural abnormalities predispose individuals to future development of the stereotypical functional abnormalities of HCM, SAM and dynamic LV outflow tract obstruction, once clinical disease develops.
Methods

Study population
Genotyped HCM patients and relatives identified via research protocols or clinical evaluation at two centres in Boston, USA (n = 120), and one centre in Copenhagen, Denmark (n = 72) were studied. Genetic status was determined by sequencing sarcomere genes. Subjects were assigned to three cohorts designated overt HCM, subclinical HCM, and normal control based on genotype status and LV wall thickness. The overt HCM group consisted of sarcomere mutation carriers with a maximal LV wall thickness of > _12 mm (Z score > _2 in children). The subclinical group consisted of mutation carriers without LVH (maximal LV wall thickness <12 mm or Z score <2 in children). A lower criterion of 12 mm was used than the 13 mm employed by some diagnostic criteria 17 to reduce the likelihood of including subjects with overt HCM into the subclinical cohort. Controls were healthy relatives who do not carry their family's pathogenic sarcomere mutation. Individuals were excluded if they had prior septal myectomy or alcohol septal ablation, electronic ventricular pacing, or atrial fibrillation. 
Echocardiographic protocol
Vivid-7 ultrasound systems (GE Medical Systems, Milwaukee, WI, USA) were used to obtain standard 2D echocardiographic images. Recordings were stored digitally and analysed offline by two independent observers (J.D.G. and P.Z.G.), blinded to genotype status. Standard measurements were made on the average of 3 cardiac cycles according to established criteria of the American Society of Echocardiography. 18 MV measurements reflect the average of 2 cardiac cycles.
Parasternal long-axis view of the left ventricle ALL, posterior leaflet length (PLL), and thickness of each leaflet were measured at maximal diastolic extension 19 ( Figure 1A) . The distance from posterior mitral hinge point to leaflet coaptation (F1) and MV annular diameter (F2) were measured in the first systolic frame demonstrating mitral coaptation ( Figure 1B) . MV annular diameter was measured in end diastole (peak of the QRS complex on simultaneous electrocardiographic recording). Left ventricular outflow tract (LVOT) diameter was measured at the base of the aortic valve leaflets during mid-systole. Mitral regurgitation (MR) was semi-quantitatively graded as: 0-none, 1-trace MR, 2-mild MR, 3-moderate MR, and 4-severe MR.
Short-axis view of the left ventricle at the level of the mitral valve
The distance between the LV posterior wall to posterior MV leaflet (G1) and the antero-posterior internal diameter of the LV at this level (G2) were measured in the first systolic frame demonstrating mitral coaptation ( Figure 1C) . The relative antero-posterior position of the MV was calculated as the ratio G1:G2.
Short-axis view of the left ventricle at the level of the papillary muscles
The medio-lateral papillary muscle separation (H1) was measured at end diastole ( Figure 1D) . The papillary-septal separation (H2) was measured as the distance between the anterior papillary muscle border and the left septal surface. Measurements were taken near the papillary muscle tips where H1 and H2 were minimal. The antero-posterior internal diameter of the LV at this level (H3) was also measured. The relative anteroposterior position of the papillary muscles was then calculated as the ratio H2:H3.
Systolic anterior motion
SAM was evaluated by visual assessment on both the parasternal longaxis and apical long-axis 2D echocardiography. SAM was defined as systolic anterior motion of the body of the anterior leaflet of the MV and/or of the MV chordae tendineae into the LVOT, and was classified in a dichotomous fashion only as either present or absent.
Statistical analysis
All statistical analyses were performed with SAS version 9.4 
Mitral leaflet length
MV characteristics are summarized for each cohort in Table 2 . There was no difference in ALL between control and subclinical HCM subjects. However, ALL/LVEDVi (0.57 ± 0.02 vs. 0.51 ± 0.02 mm/mL/m 2 , P = 0.013; Figure 2A ) and ALL/LVOT diameter (1.42 ± 0.03 vs. 1 .35 ± 0.02, P = 0.015) were on average 11.8% and 5.2% higher in subclinical subjects compared to controls, respectively. Absolute ALL and ALL indexed to BSA, LVEDVi, and LVOT diameter were significantly higher in overt HCM patients compared to controls. Control and subclinical HCM subjects had similar anterior leaflet thickness, but overt HCM patients had significantly thicker anterior leaflets.
No significant differences were found in absolute or indexed posterior leaflet thickness or length between control and subclinical HCM subjects. Conversely, overt HCM patients demonstrated longer and thicker posterior leaflets (absolute and indexed measures) compared to the subclinical HCM and control cohorts.
Mitral leaflet coaptation
The distance from the posterior mitral hinge point to leaflet coaptation (F1) was not significantly different in subclinical HCM subjects compared to controls (8.5 ± 0.3 vs. 9.2 ± 0.2 mm, P = 0.027). In addition, neither measure of the relative antero-posterior position of leaflet coaptation (i.e. F1:F2 and G1:G2) differed significantly between these two cohorts (Supplementary data online, Table S1 ). F1 was significantly higher in overt HCM compared to both controls (10.8 ± 0.5 Table S1 ).
Papillary muscle position
Papillary-septal separation (H2) was on average 9.1% less in subclinical HCM compared to controls (31.1 ± 0.7 vs. 34.2 ± 0.9 mm, P = 0.004). Similarly, the relative antero-posterior position ratio of the papillary muscles (H2:H3) was on average 5.6% less in subclinical HCM subjects compared to controls (0.67 ± 0.01 vs. 0.71 ± 0.01, P = 0.011) ( Figure 2B ). These findings suggest that the papillary muscles are anteriorly displaced in subclinical HCM. There was no difference in medio-lateral papillary muscle separation (H1) between these cohorts ( Table 2) .
Similar findings suggestive of anterior displacement of the papillary muscles were observed when overt HCM patients were compared to controls ( Table 2) . These indices were not significantly different between overt HCM and subclinical HCM subjects.
Systolic anterior motion
SAM was observed in 1 (1.6%) control subject, 12 (15.2%) subclinical HCM subjects, and 16 (32.0%) overt HCM patients ( Figure 3) . Of note, 5 of these 16 overt HCM patients had only chordal SAM.
This frequency of SAM was significantly higher among subclinical HCM compared to controls in unadjusted analysis (P = 0.006), and there remains a strong trend after adjusting for age, sex, BSA, and family relations (P = 0.018; P-value for global test = 0.002). The frequency of SAM was not significantly different between subclinical and overt HCM in adjusted analyses (P = 0.16).
In an exploratory analysis of the full cohort, septal thickness, LVEDD, LVEDVi, LVESVi, LVEF, and ALL/LVEDVi were identified as univariate predictors of SAM ( Table 3) . After adjusting for age, sex, family relations, and BSA (where appropriate), these variables all remained predictive of SAM ( Table 3) . Greater LV wall thickness and smaller LV cavity size showed the strongest relationship, but MV parameters were also significant. For example, every 1 SD increase in ALL/LVEDVi was associated with an almost two-fold increased likelihood of SAM [adjusted OR 1.95 
Reproducibility
Reproducibility for anterior/posterior leaflet projections, leaflet coaptation height, and leaflet thickness have previously been reported as very good with correlations exceeding 0.94. 20, 21 Inter-observer variability was low for leaflet coaptation height and papillary muscle Table S2 ). Furthermore, intra-observer correlation coefficients for key echocardiography variables were consistent with excellent correlation (Supplementary data online, Table S3 ).
Discussion
To better understand whether structural abnormalities of the MV are an early phenotypic manifestation of HCM sarcomere mutations, comprehensive echocardiographic MV parameters were examined in subclinical mutation carriers, patients with overt HCM, and normal controls. Our study identifies three key findings: (i) HCM sarcomere mutation carriers have anterior MV leaflets that are disproportionately elongated relative to their LV cavity size; (ii) the papillary muscles are anteriorly displaced in sarcomere mutation carriers; and (iii) SAM was more frequently observed amongst mutation carriers compared to controls. Notably, these abnormalities are present not just in patients with clinically overt HCM, but also in sarcomere mutation carriers with normal LV wall thickness. As such, this study provides further support that structural alterations of the MV may precede LVH as part of the early phenotypic expression of HCM sarcomere mutations. Moreover, these early changes may underlie the increased susceptibility to developing dynamic outflow tract obstruction so prevalent in clinically overt HCM. This study provides additional insight and increases the knowledge base provided by smaller prior studies investigating the MV in subclinical HCM. These earlier studies included a median of 15 subclinical subjects (only one included >20 subclinical HCM subjects) 3 16 did not find any difference in absolute MV leaflet lengths measured by cardiovascular magnetic resonance, or indexed leaflet lengths, in 15 phenotype negative carriers of a Finnish founder mutation (MYBPC3-Q1061X) compared to controls. Although our study did not demonstrate any significant difference in absolute ALL between the subclinical HCM and control cohorts across a variety of genotypes, we found that the anterior mitral leaflet is elongated relative to LV cavity size. Collectively, these findings highlight the need to look beyond absolute leaflet length.
Indeed, our results demonstrate that abnormalities of the MV complex in subclinical HCM subjects extend beyond the leaflets. Although anterior displacement of papillary muscles is a wellrecognized abnormality in overt HCM, our study provides novel information indicating that anterior displacement of the papillary muscles also appears to be an early phenotypic consequence of sarcomere mutations. These findings indicate a more complex relationship whereby sarcomere mutations predispose to a disproportionate MV with leaflets that are excessively long for the size of the heart as well as anterior displacement of the papillary muscle. These changes occur early in disease development, independently of the development of LVH or other pathophysiologic changes associated with clinically overt HCM.
Owing to these anatomical variations of the MV apparatus in mutation carriers, a higher frequency of SAM was observed in sarcomere mutation carriers compared to control subjects. Elongation of ALL relative to LVEDVi (ALL/LVEDVi) and relative to BSA (ALL/BSA) were each strong predictors of SAM, conferring an almost two-fold increased adjusted likelihood per standard deviation increase in either ratio. In addition, smaller LV cavity size and higher LVEF, both present in this subclinical cohort, further predispose to SAM.
The pathogenesis underlying MV abnormalities in HCM is uncertain. Finding disproportionate elongation of the anterior leaflet and anterior displacement of the papillary muscles in sarcomere mutation carriers without LVH implies that these changes are not just a 
consequence of changes in ventricular geometry or due to flow acceleration with increased shear stress seen in clinically overt disease, but rather a primary trait driven by the underlying sarcomere mutation. We speculate that pathogenic HCM sarcomere mutations influence the developmental program of the mitral apparatus. This is supported by the demonstration that abnormal MV formation is part of the pre-hypertrophic HCM phenotype in an MYBPC3-targeted knock-out mouse model of HCM. 22 It has been proposed that MV area increases with mechanical stretch created by papillary muscle displacement. 23 Alternatively or additionally, relative elongation of MV leaflets and papillary muscle abnormalities in sarcomere mutation carriers may also result from abnormal paracrine effects arising from adjacent mutated myocardium. 24 For example, elevated levels of periostin adjacent to the MV could promote leaflet elongation through increased collagen production. 25, 26 Ultimately, the pathogenesis of MV abnormalities in subclinical HCM is multifactorial, resulting from a complex interplay of above and other mechanisms. Moreover, HCM likely develops in a continuous manner. 27 Early changes triggered by sarcomere mutations are subtle but may set the 
Limitations
The lack of longitudinal imaging to follow MV morphology over time in subclinical HCM sarcomere mutation carriers precludes comment on the temporal sequence of phenotypic evolution or on the clinical implications of observed MV alterations. In addition, limited power due to the relatively small number of subjects in each cohort means that failure to detect significant differences between groups in this study does not prove that no differences are present. SAM was assessed using 2D echocardiography only rather than M-mode which would have offered higher temporal resolution. Although papillaryseptal separation (H2) and relative antero-posterior position ratio of the papillary muscles (H2:H3) were not predictive of SAM in our analyses, this study may not be sufficiently powered to exclude an association. Because subjects with prior septal myectomy, alcohol septal ablation, electronic ventricular pacing, and/or atrial fibrillation were excluded from this study, our findings may not be generalizable to overt HCM patients with those features and potentially more severe disease. One subject included in the subclinical HCM cohort had a c.115G>A (Val39Met) variant in the MYH7 gene, which has since been reclassified as a likely benign variant with current-day variant interpretation rules. Associations remained unchanged when analyses were repeated excluding this subject and their related control. We also acknowledge that penetrance of sarcomere mutations is not 100% and that some subclinical mutation carriers may not ultimately develop HCM. Nonetheless, our findings beget a rationale for future larger and longitudinal studies to better evaluate genespecific influences on MV morphology, how these changes evolve over time, and how they relate to other important disease manifestations.
Conclusions
Pathological changes caused by sarcomere gene mutations in HCM are not confined to the myocardium. Primary abnormalities of the MV apparatus are identifiable, specifically excess anterior leaflet tissue relative to LV cavity size and anterior displacement of the papillary muscles; features that individually and collectively predispose to the development of SAM. These abnormalities appear to be intrinsic, early phenotypic consequences of sarcomere mutations as they are observed in mutation carriers when LV wall thickness is normal.
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